A on transcripts can impact nuclear RNA fates, a reader of this mark that mediates processing of nuclear transcripts has not been identified. We find that the RNA-binding protein HNRNPA2B1 binds m 6 A-bearing RNAs in vivo and in vitro and its biochemical footprint matches the m 6 A consensus motif. HNRNPA2B1 directly binds a set of nuclear transcripts and elicits similar alternative splicing effects as the m 6 A writer METTL3. Moreover, HNRNPA2B1 binds to m 6 A marks in a subset of primary miRNA transcripts, interacts with the microRNA Microprocessor complex protein DGCR8, and promotes primary miRNA processing. Also, HNRNPA2B1 loss and METTL3 depletion cause similar processing defects for these pri-miRNA precursors. We propose HNRNPA2B1 to be a nuclear reader of the m 6 A mark and to mediate, in part, this mark's effects on primary microRNA processing and alternative splicing.
INTRODUCTION
Nucleotide modifications can expand the information content of nucleic acids. Methylation of cytosines on promoter DNA, for example, can alter the transcriptional output of genes. RNA can also be modified by a myriad of marks and mRNA modifications, including, among others, N6-methyladenosine, 5-methylcytosine, 2
0 O-methylation of ribose, and pseudouridylation (Jaffrey, 2014) . The functional roles of the majority of these chemical modifications are unknown. The most common internal modification of eukaryotic messenger RNA is methylation of the N 6 nitrogen on adenosine referred to as N 6 -methyladenosine (m 6 A). Each transcript contains one to three m 6 A marks on average, which are located in specific positions in introns, exons, and UTRs. Methylation of specific positions is non-stoichiometric-with only a fraction of transcripts containing this mark at specific sites. While this important modification was discovered over four decades ago, the transcriptomewide mapping of this mark using next-generation sequencing analysis has recently revived interest in the biological role(s) of m 6 A (Dominissini et al., 2012; Meyer et al., 2012; Wang et al., 2014a) . Methyltransferase like 3 (METTL3) was the first methyltransferase implicated in placing m 6 A on RNA (Dominissini et al., 2012; Meyer et al., 2012; Wei and Moss, 1974) . METTL14, which exists in complex with METTL3, has also been shown to exhibit m 6 A methyltransferase activity (Liu et al., 2014) . Fat mass and obesity-associated protein (FTO) was recently identified as an enzyme that can remove this mark (Jia et al., 2011) . Classical experiments suggested a role for m 6 A in the nuclear processing of viral and non-viral transcripts (Carroll et al., 1990; Katz et al., 2015; Liu et al., 2015; Stoltzfus and Dane, 1982) . More recent molecular studies have demonstrated m 6 A to exhibit both a nuclear role in splicing (Dominissini et al., 2012 ) and a cytoplasmic role in the regulation of RNA stability (Batista et al., 2014; Wang et al., 2014a) . We have recently found that m 6 A plays an additional role in the nucleus in controlling microRNA biogenesis. M 6 A was found to be enriched in primary microRNA transcripts. Reducing m 6 A levels by depleting the m 6 A writer METTL3 reduced the levels of the majority of expressed microRNAs (Alarcó n et al., 2015) . This effect occurred in the nucleus since METTL3/m 6 A depletion reduced the association of the DGCR8-containing microRNA processing complex with primary microRNAs and caused unprocessed primary microRNA precursors to accumulate in the nucleus. These findings are consistent with a model wherein the m 6 A RNA mark is recognized and bound by nuclear reader protein(s), which recruit the Microprocessor complex to pri-miRNA containing transcripts-resulting in their processing. Recently the YTH domain family 2 (YTHDF2) protein was identified as a ''reader'' of m 6 A and found to regulate the stability of m 6 A-bearing transcripts in the cytoplasm (Wang et al., 2014a) . The proposed role of m 6 A in the control of alternative splicing and our recent findings regarding its impact on primary microRNA processing (Alarcó n et al., 2015) suggest the existence of nuclear reader(s) of m 6 A that bind this mark and mediate nuclear processing events that are mechanistically distinct from RNA stability regulatory events that could occur in the cytoplasm.
We herein identify HNRNPA2B1 as a nuclear reader of m 6 A.
HNRNPA2B1 binds to RGm 6 AC containing sites on nuclear RNAs in vivo and in vitro. HNRNPA2B1 regulates the alternative splicing of exons in a set of transcripts in a similar manner as METTL3, the m 6 A ''writer.'' The global impact of HNRNPA2B1 depletion on alternative splicing is highly correlated with the global effect of METTL3 depletion on alternative splicing. HNRNPA2B1 depletion also impairs the nuclear processing of a subset of microRNAs whose maturation is dependent on METTL3 activity. Moreover, HNRNPA2B1 interacts with the DGCR8 protein, a component of the pri-miRNA Microprocessor complex, and facilitates the processing of pri-miRNAs. Our findings implicate HNRNPA2B1 as a nuclear reader and effector of the m 6 A mark.
RESULTS

HNRNPA2B1 Binds to m 6
A-Bearing Sites in the Transcriptome The presence of the m 6 A mark has been historically associated with the processing of nuclear transcripts. Our previous identification of m 6 A as a regulatory mark that promotes the processing of pri-miRNA transcripts-a process that occurs in the nucleusalso suggested the existence of one or more nuclear readers of this mark that mediate its downstream effector functions. Several approaches that combine UV cross-linking of RNA-binding proteins with immunoprecipitation and deep sequencing of bound RNAs have proven powerful at mapping the sites of interaction between RNA-binding proteins and their target RNAs (Hafner et al., 2010; Kö nig et al., 2010; Ule et al., 2005) . Our laboratories have in the past few years conducted a number of such high-throughput sequencing of RNA isolated by cross-linking immunoprecipitation (HITS-CLIP; Zhang and Darnell, 2011) studies to map the genome-wide binding of a variety of RNAbinding proteins. Our analysis of the direct binding sites of one such RNA-binding protein, HNRNPA2B1 (Goodarzi et al., 2012) , suggested that it might act as a reader of the m 6 A mark.
HNRNPA2B1 is a member of the hnRNP family of RNA-binding proteins that are known to associate with pre-mRNAs in the nucleus. The m 6 A mark is known to occur within the RGAC motif, with R representing a purine (Schibler et al., 1977) . To test the possibility that HNRNPA2B1 also recognizes this motif, we assessed the abundance of this sequence among the HNRNPA2B1 HITS-CLIP peaks relative to randomly generated sequence counterparts with similar dinucleotide frequencies (Giannopoulou and Elemento, 2011) . Indeed, using the FIRE analysis pipeline (Elemento et al., 2007) , we observed a highly significant enrichment of the RGAC element in HNRNPA2B1 binding sites ( Figure 1A ). We next overlapped the m 6 A peaks from an RNA-seq analysis of m 6 A-immunoprecipitated nuclear RNA (m 6 A-seq; Alarcó n et al., 2015) with HNRNPA2B1 binding peaks obtained from HITS-CLIP of endogenous nuclear HNRNPA2B1 performed for this study in MDA-MB-231 breast cancer cells. We noted a significant number of cases wherein the HNRNPA2B1 peaks overlapped with m 6 A peaks (Figures 1B and S1A; p value < 1eÀ3), consistent with an enrichment of m 6 A at HNRNPA2B1 binding sites. Of the 1,912 human genes bound by HNRNPA2B1 and containing m 6 A peaks, 426 contained RGAC instances overlapping both an HNRNPA2B1 HITS-CLIP peak and an m 6 A-seq peak (FDR < 10%). Conducting this analysis on HITS-CLIP data we had previously generated for MBNL1 and TARBP2 revealed zero such cases of overlap for these RNA-binding proteins. The enrichment of the RGAC motif in HNRNPA2B1 binding sites may be due to general proximity of the RGAC motif to the HNRNPA2B1 binding sites rather than due to direct interactions with the RGAC motif. The RNA-binding protein hnRNPC, for example, has been shown to bind near-rather than directly to-the RGAC motif (Liu et al., 2015) . Thus, to study the specificity of overlap between the HNRNPA2B1 footprint and the m 6 A consensus motif at nucleotide resolution, we took advantage of cross-linking-induced deletions that are a hallmark of HITS-CLIP experiments and that provide a nucleotide-level map of physical points of interaction (Zhang and Darnell, 2011) . For this, we limited our search to the cross-linkinginduced deletions that mark the sites of direct interactions between HNRNPA2B1 and its target RNAs (CIMS; Zhang and Darnell, 2011) . We also defined a set of control sequences consisting of deletion-containing reads that represent the background occurrence of deletion events during HITS-CLIP sample preparation (i.e., these reads were not part of a peak or cluster; Figure S1 ). We then used FIRE to re-evaluate the abundance of the RGAC motif in HNRNPA2B1 footprints (i.e., cross-linking-induced deletion sites along with 5 nt flanking sequences on either side). We observed a highly significant enrichment of RGAC motifs at these cross-linking-induced deletions (p value < 1eÀ26, Z score = 109; Figure 1C ). A similar analysis applied to two other RNA-binding proteins for which comparable HITS-CLIP data were available revealed HNRNPA2B1 to be unique among this group in exhibiting a significant enrichment for proximal binding to the RGAC motif ( Figures 1C and S1C ). Importantly, 6.8% of the nuclear HNRNPA2B1 cross-linking-induced deletions overlapped with an m 6 A peak, whereas only 0.34% of the background deletions overlapped with m 6 A sites (20-fold enrichment, Figure S1D ).
These findings strongly support a role for HNRNPA2B1 in directly binding to a subset of m 6 A consensus sequences within the transcriptome.
METTL3 and HNRNPA2B1 Regulate Common Alternative Splicing Events
The m 6 A mark has been associated with Carroll et al. (1990) , Katz et al. (2015) , and Stoltzfus and Dane (1982) and causally implicated in pre-mRNA processing (Dominissini et al., 2012) . Depletion of METTL3 has also been shown to impact alternative splicing (Dominissini et al., 2012) . We hypothesized that HNRNPA2B1, by acting downstream of m 6 A placement by METTL3, may impact alternative splicing in a similar manner as METTL3. If this were the case, depleting HNRNPA2B1 should result in similar alterations in alternative splicing patterns as depletion of METTL3. To test this, we conducted highthroughput RNA sequencing (RNA-seq) on nuclear RNA from cells depleted of METTL3 and those depleted of HNRNPA2B1. We then employed MISO, a probabilistic framework (Katz et al., 2010) , to quantify the relative expression of alternatively spliced exons in METTL3 and HNRNPA2B1 knockdown cells as well as controls. The differences in MISO-calculated J (psi, percentspliced in) values between each of the knockdown samples and the control samples were used as a measure of modulations in alternative splicing events upon depletion of each of these factors. Consistent with a role for HNRNPA2B1 in mediating alternative splicing effects downstream of METTL3/m 6 A, we observed that the global impact on alternative splicing was highly correlated in cells depleted for each of these genes. This effect was observed in skipped exons (r = 0.335; p < 1e À200 ; Figure 2A ), retained introns (r = 0.373; p < 1e
À140
; Figure 2B), alternative first exons (r = 0.378; p < 1e À300 ; Figure 2C ), and alternative last exons (r = 0.299; p < 1e À170 ; Figure 2D ).
The effects on alternative splicing in the context of HNRNPA2B1 and METTL3 depletion were seen in two independent cell lines ( Figures 2E, 2F , and S2). These findings reveal that HNRNPA2B1 depletion has similar genome-wide consequences on alternative splicing as METTL3 depletion. These observations, along with our findings that HNRNPA2B1 binds m 6 A sites, support a model whereby HNRNPA2B1 mediates, in part, the alternative splicing effects of METTL3 and the m 6 A mark.
HNRNPA2B1 Promotes Processing of METTL3-Dependent microRNAs and Interacts with the Microprocessor Machinery
We next asked whether HNRNPA2B1 governs the processing of pri-miRNAs that are dependent on METTL3/m 6 A for their processing. For this, we performed global microRNA profiling in HEK293 cells depleted of HNRNPA2B1. HNRNPA2B1 knockdown caused a reduction in the levels of a large number of microRNAs ( Figures 3A and S3 ). This reduction could also be visualized as a left shift in the population-level expression of miRNAs ( Figure 3B ; p < 1eÀ3). The reduction in mature microRNA expression mirrored what was previously observed upon METTL3 depletion (Alarcó n et al., 2015) . We next investigated the overlap between the set of miRNAs impacted by HNRNPA2B1 depletion and those impacted by METTL3 depletion. Importantly, 95% (58 out of 61) of the miRNAs that decreased in their expression by more than 50% upon HNRNPA2B1 depletion were also affected, with similar intensity, upon depletion of METTL3 (p < 1eÀ24, Figure 3C and Table S1 ). The fraction of miRNAs affected by HNRNPA2B1 depletion was roughly half of the total miRNAs regulated by METTL3-indicating that HNRNPA2B1 regulates a major subset, but not all, of the m 6 A-dependent miRNAs.
In order to validate these findings using an independent approach, we performed quantitative PCR (qPCR) for specific miRNAs in the setting of HNRNPA2B1 knockdown using additional cell lines. Consistent with the findings described above, HNRNPA2B1 depletion caused a significant reduction in the expression levels of the mature forms of a number of m 6 A-regulated miRNAs in MDA-MB-231 cells ( Figure 4A ), as well as HEK293 cells ( Figure S4 ). Moreover, the expression levels of these miRNAs were also dependent on METTL3, as their levels were similarly significantly reduced upon METTL3 depletion in both cell lines ( Figures 4B and S4) .
We next asked whether HNRNPA2B1 binds to pri-miRNA sites and whether it regulates the processing of METTL3/m 6 Adependent microRNAs. To answer these questions, we identified m 6 A peaks in pri-miRNA transcripts from m 6 A-seq data and searched for co-occurrence with HNRNPA2B1 binding sites. Consistent with a direct role for HNRNPA2B1 in regulating the processing of these pri-miRNA transcripts, we noted overlaps between m 6 A peaks and HNRNPA2B1 binding sites detected by HITS-CLIP ( Figure 4C ). Importantly, of the 61 miRNAs affected by HNRNPA2B1 depletion, 53 contained m 6 A-seq tags, and 52 of those exhibited overlapping HNRNPA2B1 HITS-CLIP tags (p = 3eÀ9, Figure 4D ). These findings are consistent with recognition of the m 6 A mark by HNRNPA2B1 at miRNA loci.
If HNRNPA2B1 mediates its effects in the nucleus prior to the processing of pri-miRNAs to pre-miRNAs, then its depletion should result in the accumulation of pri-miRNA transcripts within the nucleus. Consistent with this, depletion of HNRNPA2B1 resulted in the accumulation of specific pri-miRNAs in the nucleus, phenocopying the effect of METTL3 depletion ( Figure 5A ). HNRNPA2B1 thus positively regulates the nuclear processing of a set of pri-miRNAs. The processing of these pri-miRNAs is dependent on METTL3, the m 6 A writer, and HNRNPA2B1, a putative reader of this mark. These findings are consistent with a model wherein METTL3 and HNRNPA2B1 proteins comprise a pathway that controls the processing of a set of miRNA precursors. A reader of m 6 A should serve as a bridge between this mark and effector proteins or adaptor proteins that would ultimately interact with effectors. The effector involved in pri-miRNA A reader). (E) Exemplary sashimi plots (Katz et al., 2015) showing concerted alternative splicing changes that occurred in MDA-MB-231 cells depleted of METTL3 or HNRNPA2B1. (F) Exemplary of sashimi plots as in (E) but using an independent cell line, HeLa. Shown is the normalized coverage at each exon, along with the estimated c value (percent spliced in). For example, in this case, 29% of transcripts were estimated to contain the skipped exon in the control sample, while this estimate was increased to 87% and 74% for METTL3 and HNRNPA2B1 depleted cells, respectively.
processing is the Microprocessor complex, which is composed of the proteins DGCR8 and DROSHA. DGCR8 is an RNA-binding protein that recognizes the junction between the stem region and the flanking single-stranded RNA of the pri-miRNA hairpin. Hairpin recognition and binding allow for recruitment of the ribonuclease type III DROSHA, which cleaves the double-stranded RNA to release the pre-miRNA molecule (Denli et al., 2004; Gregory et al., 2004; Han et al., 2004 Han et al., , 2006 Landthaler et al., 2004) . We had previously proposed the existence of one or more readers that could mediate the interaction between the m 6 A mark present in pri-miRNA regions and the Microprocessor to facilitate the recognition of the pri-miRNA among the large landscape of secondary structures that populate the transcriptome (Alarcó n et al., 2015) . Since HNRNPA2B1 recognizes m 6 A sequences and its depletion causes similar miRNA processing defects as METTL3 depletion, we investigated if it could link the m 6 A mark and the Microprocessor. Consistent with a direct role for HNRNPA2B1 in the regulation of pri-miRNA processing, immunoprecipitation of endogenous DGCR8 co-precipitated HNRNPA2B1, while reciprocal immunoprecipitation also revealed this interaction ( Figures 5B and 5C ). Importantly, this interaction persisted despite ribonuclease treatment, suggesting that the interaction between these two proteins is mediated by protein-protein interactions ( Figures 5B and 5C ). If HNRNPA2B1 recruits DGCR8 to a subset of pri-miRNA loci, then HNRNPA2B1 depletion should reduce the interaction of DGCR8 with pri- (B) Histogram of the fold change (log 2 ) observed in miRNA expression, as obtained by genome-wide miRNA expression profiling shown in (A). The ratio of the average level for the two independent shRNAs over the average of the two controls is shown. The p value of the two-sample Kolmogorov-Smirnov test is indicated. (C) Venn diagram depicting the intersection of miRNAs that were reduced by greater than 50% upon HNRNPA2B1 or METTL3 depletion. 132 miRNAs were downregulated by more than 50% upon METTL3 depletion, and 61 miRNAs were downregulated by 50% upon HNRNPA2B1 depletion. The extent of miRNAs detected by microarray in both experiments was 329. The p value was calculated based on the hypergeometric distribution.
miRNA substrates. Consistent with this, HNRNPA2B1 depletion reduced the binding of endogenous DGCR8 with HNRNPA2B1-dependent pri-miRNA substrates ( Figure 5D ). HNRNPA2B1 thus recognizes m 6 A sequences, interacts with the Microprocessor, and facilitates the processing of a set of METTL3-dependent pri-miRNAs. These collective findings are consistent with its proposed role as a reader of the m 6 A mark.
HNRNPA2B1 Binds Methylated RNA
We next sought biochemical evidence for the in vivo interaction of HNRNPA2B1 with methylated RNA. MDA-MB-231 cells were UV cross-linked, their nuclear fractions were isolated, and endogenous HNRNPA2B1 was immunoprecipitated with a specific antibody. Upon HNRNPA2B1 immunoprecipitation and SDS-PAGE, immunoblotting with the m 6 A antibody revealed HNRNPA2B1 to interact with methylated RNA ( Figure 6A ). Importantly, ribonuclease treatment diminished the m 6 A signal of high molecular weight corresponding to long RNAs associated with HNRNPA2B1 but did not affect the m 6 A signal at the molecular weight of HNRNPA2B1 (37 kilodaltons)-suggesting that HNRNPA2B1 directly associates with m 6 A methylated RNA and protects its RNA target sites from ribonuclease degradation ( Figure 6A ). The direct association between HNRNPA2B1 and m 6 A appears to be specific, since similar direct protection of m 6 A-containing RNA by another hnRNP RNA-binding protein was not observed ( Figure S5A Figure 6B ). Interestingly, Dominissini et al. (2012) used mass spectrometry to identify candidate proteins that bound m 6 A-modified RNA but not unmethylated RNA. Although not functionally studied, HNRNPA2B1 was among the set of proteins identified that preferentially bound m 6 A-modified RNA. Taken together, our findings reveal that endogenous HNRNPA2B1 directly interacts with m 6 A-modified RNA in vivo.
We next studied the interaction between HNRNPA2B1 and methylated RNA in vitro. Purified full-length HNRNPA2B1 exhibited some preference for binding methylated RNA probes relative to unmethylated ones as shown by gel shift assays ( Figures S5B and S5C) . The probes used for these assays correspond to sequences obtained from endogenous pri-miRNAs regions that contained m 6 A-seq tags, as well as endogenous HNRNPA2B1 binding sites (HITS-CLIP tags) ( Figures S5D and  S5E) . Importantly, this preference was not observed using a different hnRNP protein ( Figure S5F ). We then generated a series of constructs containing GST-tagged individual domains. In isolation and under the conditions used in this study, only RRM1 exhibited a modest preference for m 6 A-containing RNA ( Figure S5G) ; however, we cannot exclude the possibility that in vivo and in the context of full-length protein, additional protein domains could mediate or facilitate recognition and binding of the m 6 A mark. These results suggest that HNRNPA2B1 can preferentially associate with m 6 A-containing RNA in vitro and that the RRM1 motif could, in part, mediate this preference.
DISCUSSION
Our findings reveal that the HNRNPA2B1 RNA-binding protein binds the m 6 A consensus motif and also directly binds the m 6 A mark in vivo and in vitro. Loss-of-function experiments with HNRNPA2B1 and METTL3 resulted in similar effects on global alternative splicing patterns. HNRNPA2B1 was found to exhibit preferential in vitro binding to m 6 A-modified RNA substrates used in this study over unmodified substrates. Additionally, HNRNPA2B1 interacts with the Microprocessor protein DGCR8, enhances binding of DGCR8 to pri-miRNA transcripts, and positively regulates pri-miRNA processing in a similar manner as METTL3, the m 6 A writer. Moreover, we have identified a set of miRNAs whose processing is dependent on both METTL3 and HNRNPA2B1. These observations as a whole are consistent with a model wherein HNRNPA2B1 acts as a reader of the m 6 A mark in the nucleus and mediates, in part, the effects of m 6 A/METTL3 on microRNA processing (Figure 7 ).
YTHDF2 was recently identified as a cytoplasmic ''reader'' protein of the m 6 A mark. YTHDF2 was found to regulate the degradation of specific mRNAs by localizing them to processing bodies. The historical association of the m 6 A mark with premRNA processing (Carroll et al., 1990; Finkel and Groner, 1983; Katz et al., 2015; Stoltzfus and Dane, 1982) A-dependent nuclear pri-miRNA processing and alternative splicing events, its direct binding to m 6 A and the RGAC motif in vivo, and its in vitro preference for specific m 6 A-modified substrates relative to unmodified substrates support a role for this RNA-binding protein as a nuclear ''reader'' and effector of this mark. A natural question that arises is why there would exist distinct readers of m 6 A that act within the nucleus or the cytoplasm. The fates of RNA molecules within the nucleus and cytoplasm are fundamentally distinct. Within the nucleus, nascent transcripts are internally processed to yield mature messages lacking introns. Similarly, primary microRNA transcripts are processed within the nucleus to yield shorter pre-miRNA forms-the precursors for mature miRNAs. Within the cytoplasm, mRNAs can be localized to distinct compartments, translated, stabilized, or destabilized. The divergent processes that transcripts participate in within the nucleus or cytoplasm are mediated by distinct protein complexes, such as the microRNA and splicing machineries in the nucleus or the deadenylation complex in the cytoplasm. The existence of distinct nuclear and cytoplasmic readers that bind m 6 A but have additional protein-protein interaction domains would allow for each reader to interact with specific downstream effector proteins to mediate requisite events in the nucleus and cytoplasm. Consistent with this, YTHDF2 and HNRNPA2B1 contain distinct protein domains in addition to their RNA-binding domains-P/Q/N-rich domain for YTHDF2 and RGG and M9 domains for HNRNPA2B1. These domains likely mediate interactions with specific cytoplasmic and nuclear effector proteins, respectively, or could form binding sites for adaptor proteins that recruit these machineries. In the case of HNRNPA2B1, its interaction with the Microprocessor represents an example of such selectivity. YTHDF2, on the other hand, has been shown to co-localize with components of the processing bodies in the cytoplasm (Wang et al., 2014a) . A long-standing question regarding m 6 A has been the molecular basis for the localization of m 6 A marks to specific infrequent (roughly one modification per 1,000 bases) sites in transcripts (Rottman et al., 1994) . The basis for this specificity is unknown, given that the m 6 A consensus motif is short and therefore inherently non-specific. It has been proposed that local structural elements might contain the requisite contextual information that enables m 6 A marks to be deposited (Rottman et al., 1994) . Indeed, the methylation site in arguably the best-studied m 6 A-containing transcript (prolactin) falls in a predicted stemloop/bulge structure (Rottman et al., 1994) . Moreover, similar stem-loop/bulge structures were predicted for multiple m 6 A consensus sites found in Rous sarcoma virus (RSV) RNA (Csepany et al., 1990; Kane and Beemon, 1985) . With respect to ''writing'' of this mark, METTL3 has been shown to methylate single-stranded RNA substrates in vitro to a similar degree as structured substrates (Liu et al., 2014) . While others and we have identified many m 6 A marks to also occur in regions that are not predicted to form structures, these historical findings suggest the presence of at least some m 6 A marks in structured contexts. Future in vivo RNA structural mapping studies aimed at establishing the fraction of structured versus unstructured sites that contain the m 6 A mark could provide important insights (Ding et al., 2014; Rouskin et al., 2014) . Another question that arises is whether the structured context within which m 6 A occurs is important for its ''reading'' by proteins such as HNRNPA2B1. While this question is beyond the scope of the current work and will require future genome-wide in vivo structural analyses, we speculate that HNRNPA2B1 could potentially bind to m 6 A at both unstructured/linear sites, as well as in structured sites given its multiple RRM domains. At linear sites, the RRM1 domain could potentially bind m 6 A-containing locations in linear RNA. At structured sites, the RRM1 domain All experiments were performed in biological triplicates. ***p < 1eÀ3; **p < 1eÀ2; *p < 5eÀ2.
(B) In vivo interaction between DGCR8 and HNRNPA2B1. HEK293 cells were chemically cross-linked before antibody-mediated immunoprecipitation of endogenous DGCR8. After immunoprecipitation, samples were washed and incubated with RNase as indicated. Western blots for HNRNPA2B1 and DGCR8 are shown.
(C) Same as (B), but the reciprocal immunoprecipitation was performed. In this case, endogenous HNRNPA2B1 was immunoprecipitated and its interaction with DGCR8 was detected by western blot under similar conditions. (D) Quantification of DGCR8-bound pri-miRNAs. Endogenous DGCR8 was immunoprecipitated after UV-cross-linking and pri-miRNAs bound to it were extracted and quantified by qRT-PCR. The bar graph shows the qRT-PCR quantification of a panel of HNRNPA2B1-target miRNAs for which expression was shown to be reduced upon HNRNPA2B1 depletion. ****p < 5eÀ4; ***p <1eÀ3. Error bars indicate SEM.
could bind to an m 6 A in a single-stranded loop of a stem-loop structure while the RRM2 domain could bind to a singlestranded bulge irrespective of m 6 A-modification. Conversely, the RRM1 domain could bind an m 6 A in the bulge of a stem loop while the RRM2 domain could bind to a loop irrespective of its m 6 A modification. This speculative model is consistent with previously characterized transcriptome-wide binding of HNRNPA2B1 to AU-rich structural elements, which are less thermodynamically stable structures (Goodarzi et al., 2012) . Another possibility is that the presence of the m 6 A mark in double-stranded RNA could increase its open-conformation probability, thereby facilitating RRM1 binding to the m 6 A-bearing strand (Roost et al., 2015) . Thus, the presence of multiple RRM motifs in HNRNPA2B1 could enable it to bind cooperatively to two distinct sites such as a loop and a stem or a loop and a bulge within a stem loop. Future structural and molecular studies are needed to shed light on the details and dynamics of the events that follow m 6 A placement at linear and structured sites.
While we have implicated HNRNPA2B1 as a downstream mediator of the effects of the m 6 A mark/METTL3 in the nucleus, it is important to note that this protein may have multiple modes of RNA binding/recognition that are independent of the m 6 A modification. In fact, HNRNPA2B1 has been implicated in several aspects of RNA biology (He and Smith, 2009; Villarroya-Beltri et al., 2013) , some of which might be independent of regulation by m 6 A. Additionally, our findings do not exclude the possibility that there exist additional ''readers'' of this mark within the nucleus that could mediate similar processing effects at other miRNA, exonic, or intronic loci or to mediate other aspects of RNA processing or localization. In fact, we have found that roughly half of the m 6 A-regulated miRNAs studied by us were dependent on HNRNPA2B1. This finding suggests the existence of additional nuclear ''readers'' of this mark that mediate miRNA processing, as well as other nuclear processing events. It would be quite interesting to determine whether other RNA-binding proteins of the hnRNP A/B family that share similar RRM domains recognize the m 6 A modification and mediate, in part, its effects on nuclear processing events.
Our findings have identified HNRNPA2B1 as a nuclear ''reader,'' a downstream effector of the m 6 A mark and an adaptor for the Microprocessor complex. Future proteomic and biochemical studies are needed to elucidate the molecular networks and mechanisms by which this reader mediates other nuclear processing events downstream of the m 6 A mark.
EXPERIMENTAL PROCEDURES
Tissue Culture MDA-MB-231, HeLa, and HEK293T cell lines were purchased from ATCC. All cells were cultured in vitro in DMEM supplemented with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin, 2 mM L-Glutamine, 1 mM sodium pyruvate, and 2.5 mg/ml fungizone. All experiments were conducted with cells from passage 2 to 5.
Stable Cell Lines
Generation of lentivirus-mediated knockdowns was performed as described previously (Tavazoie et al., 2008) . Commercially available shRNAs purchased from Sigma were co-transfected with lentivirus packaging plasmids in HEK293T cells to generate lentivirus. Two shRNAs targeting HNRNPA2B1 (TRCN0000001058, TRCN0000010582), two shRNAs specific for METTL3 (TRCN0000034715, TRCN0000034717), and a control shRNA (SHC002) were used for experiments. We generated stable fresh knockdown cell lines after 2 or 3 passages in order to avoid compensatory mechanisms of loss of knockdown.
qRT-PCR Mature and pri-miRNAs were quantified by Taqman microRNA and Pri-miRNA assays. RNU44, U6 snRNA, GAPDH, and GusB were used as endogenous controls. Quantitative miRNAs expression data were obtained using the ABI Prism 7900HT Fast Real-Time PCR System, and data were analyzed by Relative Quantification (RQ) Manager software.
Small RNA Isolation mirVana (Applied Biosystems) and Total RNA Purification Kit (Norgen Biotek) were used to extract total RNA from cells according to the manufacturer's instructions.
RNA Sequencing
Samples were lysed using LB1 buffer (50 mM HEPES-KOH [pH 7.5], 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% Triton x-100, and protease inhibitors). RNA was extracted from the nuclear fraction using the Total RNA Purification Pri-miRNA processing is depicted in the model. The red star represents m 6 A mark on RNA, and the yellow shape represents the HNRNPA2B1 RNA-binding protein.
Kit (Norgen Biotek). RNA was subjected to RiboZero treatment (Epicenter), barcoded using ScriptSeq V2 kit (Epicenter), and sent for sequencing.
microRNA Expression Profiling
The RNA extracted from two independent stable knockdowns of HNRNPA2B1 and two control cells expressing a control hairpin were labeled and hybridized on miRNA microarrays by LC sciences. Of all the probes included in the array, those corresponding to 329 miRNAs revealed a signal above background in at least two of the samples and were also expressed in the microarray previously performed using METTL3 depleted cells.
ACCESSION NUMBERS
High-throughput sequencing data were deposited at GEO under the accession number GEO: GSE70061. 
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